Oxidative stress and mitochondrial dysfunction have been linked to neurodegenerative disorders such as Parkinson's and Alzheimer's disease. However, it is not yet understood how endogenous mitochondrial oxidative stress may result in mitochondrial dysfunction. Most prior studies have tested oxidative stress paradigms in mitochondria through either chemical inhibition of specific components of the respiratory chain, or adding an exogenous insult such as hydrogen peroxide or paraquat to directly damage mitochondria. In contrast, mice that lack mitochondrial superoxide dismutase (SOD2 null mice) represent a model of endogenous oxidative stress. SOD2 null mice develop a severe neurological phenotype that includes behavioral defects, a severe spongiform encephalopathy, and a decrease in mitochondrial aconitase activity. We tested the hypothesis that specific components of the respiratory chain in the brain were differentially sensitive to mitochondrial oxidative stress, and whether such sensitivity would lead to neuronal cell death. We carried out proteomic differential display and examined the activities of respiratory chain complexes I, II, III, IV, V, and the tricarboxylic acid cycle enzymes alpha-ketoglutarate dehydrogenase and citrate synthase in SOD2 null mice in conjunction with efficacious antioxidant treatment and observed differential sensitivities of mitochondrial proteins to oxidative stress. In addition, we observed a striking pattern of neuronal cell death as a result of mitochondrial oxidative stress, and were able to significantly reduce the loss of neurons via antioxidant treatment.
Reactive oxygen species (ROS) have been implicated in the pathogenesis of a number of neurodegenerative diseases including Friedreich's ataxia (FA) (Koutnikova et al. 1997; Priller et al. 1997; Rotig et al. 1997 ), Alzheimer's disease (AD) (Kish et al. 1992; Mutisya et al. 1994 ), Parkinson's disease (PD) (Swerdlow et al. 1996) and amyotrophic lateral sclerosis (ALS) (Brown 1997) . Most studies examining the consequences of oxidative stress on mitochondrial function have been carried out in situ on preparations of isolated mitochondria exposed to chemical insults, or alternatively through use of chemical inhibitors of mitochondrial function which result in increased ROS production (Boveris 1984; Turrens et al. 1985; Martensson et al. 1991; Chinopoulos et al. 1999; Gibson et al. 1999; Nulton-Persson and Szweda 2001) . Hence, it is unclear what consequences to mitochondrial function arise due to endogenously generated ROS in the absence of external chemical insults. Genetic models of oxidative stress are comparatively new, and represent an alternate approach to examining the consequences of oxidative stress to mitochondrial function via the inactivation of key antioxidant proteins in the mitochondria (Li et al. 1995; Jha et al. 2000; Higgins et al. 2002; Jung et al. 2002) .
Mice on a CD-1 genetic background lacking SOD2 (sod2-/-mice) typically die within the first week of life and display a heterogeneous phenotype including dilated cardiomyopathy, hepatic lipid accumulation, metabolic defects, mitochondrial enzyme defects, and oxidative damage to DNA (Li et al. 1995; Melov et al. 1999) . Less than 10% of these mice survive beyond 2 weeks of age, and those that do, display a severe neurological phenotype (Melov et al. 1998 ). This behavioral phenotype, which has also been recently reported in C57BL/6-DBA/2 J hybrid backgrounds, includes ataxia and seizures (Huang et al. 2001) . Histopathological analysis of the brains of CD-1 SOD2 null mice reveals a profound focal spongiform encephalopathy primarily within the frontal cortex and brainstem. Mitochondrial aconitase activity, which is an acutely sensitive marker of superoxide-mediated damage (Gardner et al. 1995) , is reduced in the brainstem, striatum, cerebellum and cortex of the sod2-/-mice (Melov et al. 2001) .
The pronounced neurological phenotype of SOD2 null mice can be partially rescued in a dose-dependent manner through the administration of the prototype low molecular weight salen-manganese complex catalytic antioxidant EUK-8 or either of its analogs EUK-134 and EUK-189 (Melov et al. 2001) . These catalytic antioxidants are effective in many paradigms of oxidative stress (Malfroy et al. 1997; Baker et al. 1998; Rong et al. 1999; Melov et al. 2000; Pong et al. 2001) . They have been shown to catalytically scavenge the reactive oxygen species superoxide (Baudry et al. 1993; Baker et al. 1998 ) and hydrogen peroxide (Baker et al. 1998) as well as reactive nitrogen species (Sharpe et al. 2002) , all potential contributors to neurological injury in circumstances of oxidative stress. In vitro studies demonstrate that EUK-8 and EUK-134 protect PC12 cells from superoxide and nitric oxide, and EUK-134 attenuates staurosporine-induced apoptosis, oxidative stress and mitochondrial dysfunction in cultured neurons (Pong et al. 2001) . In vivo studies demonstrate that administration of EUK compounds significantly prolongs survival and reduces oxidative stress in a mouse model of ALS (Jung et al. 2001) , prevents neuronal death and reduces oxidative damage following kainic acid induced seizures in rats (Rong et al. 1999) , and extends lifespan in the nematode Caenorhabditis elegans (Melov et al. 2000) . Administration of 1 mg/kg of EUK-8 is sufficient to extend the mean lifespan of sod2-/-mice from 8 to 17 days of age, but not sufficient to rescue the neurological phenotype encompassing behavioral abnormalities and neuropathology (Melov et al. 2001) . Administration of EUK-8 at 30 mg/kg extends the mean lifespan to 24 days, completely rescues the spongiform changes in the brain, and significantly diminishes behavioral abnormalities (Melov et al. 2001) . Collectively, these studies illustrate the utility of this class of antioxidants in preventing damage associated with oxidative stress at the level of organelle, cell, tissue, and organism.
The purpose of this study was to gain further insight into the specific targets of endogenously generated mitochondrial oxidative stress in the brains of SOD2 null mice. Specifically, we treated SOD2 null animals with either a high or low dose of the antioxidant EUK-8 to allow differential brain pathology to develop (Melov et al. 2001 ) (untreated animals do not survive long enough in sufficient numbers to be practically useful), carried out mitochondrial proteomic differential display, and then measured the activities of a number of mitochondrial enzymes to test the hypothesis that specific enzymes were differentially sensitive to endogenous oxidative stress. In addition, we tested the hypothesis that endogenously generated mitochondrial oxidative stress results in neuronal cell death, and whether or not antioxidant treatment could either prevent or partially rescue neuronal cell death in vivo. Our results have important implications for the successful implementation of rational antioxidant therapy in age-related neurodegenerative disease in which neuronal cell loss is linked to mitochondrial dysfunction and oxidative stress.
Materials and methods

Compound treatment and genotyping
As this is described in detail elsewhere (Melov et al. 1998; Melov et al. 2001) , a brief description of genotyping and compound treatments follows. Mice were genotyped between 2 and 3 days of age, and injected intraperitoneally with compound or vehicle daily from 3 days of age at the indicated dose or an equivalent volume of vehicle until killing. Wild types were also treated similarly to control for compound specific effects. Mice were killed at 19-21 days of age and tissues harvested. All animal procedures were carried out under approved IACUC animal protocols at the Buck Institute, which is ALAAC accredited.
Mitochondrial preparation and enzymology
Cortex was rapidly isolated and placed into 3 mL of ice cold Hbuffer (210 mM mannitol, 70 mM sucrose, 1 mM EGTA, 5 mM Hepes, pH 7.2) (Trounce et al. 1996) . Tissue was homogenized with a Dounce homogenizer and centrifuged at 1000 g for 5 min. The supernatant was transferred to a new tube and centrifuged at 8000 g for 10 min. The resulting supernatant was aspirated, and the pellet resuspended in 100 lL H-buffer. Bovine serum albumin (BSA) was added to a final concentration of 1 mg/mL. Electron transport chain complexes I, II, III, and IV and citrate synthase activities were determined as previously described (Trounce et al. 1996) except that for complex I dichloroindophenol was used as the terminal electron acceptor. ATP synthase activity and a-ketoglutarate dehydrogenase (KGDH) activity were determined as previously described (Catterall and Pedersen 1971; Nulton-Persson and Szweda 2001) Statistical significance was determined by non-parametric ttests PRISM (Graphpad, San Diego).
Mitochondrial proteomics pH 4-7 isoelectric focusing Mitochondrial sample was solubilized, reduced and alkylated for one hour in a total of 220 lL extraction buffer containing 7 M urea, 2 M thiourea, 1% C7, 40 mM Tris, 5 mM tributylphosphine (TBP), 10 mM acrylamide and orange G. Samples were centrifuged at 21 000 g for 5 min, and the supernatants were applied to 11 cm pH 4-7 (Amersham Pharmacia Biotech, Piscataway, NJ, USA) immobilized pH gradient (IPG) strips and incubated for at least 6 h. Samples were electrophoresed as follows; linear ramp to 10 000 V over 5 h, 10 000 V for 5 h, 1000 V until stopped, maximum of 50 lA per IPG. Strips were then incubated for 15 min at room temperature in equilibration buffer [2% sodium dodecyl sulfate (SDS), 50 mM Tris-acetate, 6 M urea, 0.01% bromophenol blue], cut in half and subjected to SDS-polyacrylamide electrophoresis (PAGE) through two 4-12% gels at 100-125 V. Gels were fixed for at least 30 min in 7% acetic acid/10% methanol and stained in Sypro Ruby (Molecular Probes, Eugene, OR, USA) overnight. Gels were destained in the same buffer as the fixation and imaged on a UV light box at 302 nM. Image and statistical analysis was performed using PDQuest (Bio-Rad Laboratories, Hercules, CA, USA).
pH 6-11 isoelectric focusing pH 6-11 IPG strips were rehydrated in 180 lL extraction buffer without 40 mM Tris for at least 6 h. Mitochondrial samples were solubilized, reduced and alkylated for at least one hour in a total of 45 lL extraction buffer and the reactions were centrifuged at 21 000 g for 5 min. The supernatants were loaded into cup loaders at the acidic end of the IPG and electrophoresed as follows: 300 V for 3 h, linear ramp to 10 000 V over 12 h, 10 000 V until at least 80 000 V/h, maximum of 50 lA per IPG. SDS-PAGE, staining, imaging, and analysis was performed as described above except that the IPG strip was cut 7 cm from the acidic end of the gel (no proteins resolved beyond 7 cm), and that portion was electrophoresed onto a single 7 cm 4-12% gel.
Protein identification
Protein spots were either manually excised or automatically detected and excised using the XciseÔ apparatus (Shimadzu Biotech, Japan). Gel pieces were washed twice with 150 lL 100 mM ammonium bicarbonate, pH 8.2, 50% v/v acetylnitrile (ACN) and dried at 37°C for 20 min. Trypsin in 50 mM ammonium bicarbonate (20 lg/lL) was added to each gel piece and incubated at 30°C for 16 h. Peptides were extracted by sonication in 20 lL 0.1% v/v trifluoroacetic acid (TFA), 50% ACN. The peptide solution was either manually or automatically desalted and concentrated using ZipTipsÔ from Millipore (Bedford, MA, USA) in the Xcise and spotted onto the Axima MALDI target plate. Peptide mass fingerprints of tryptic peptides were generated by matrix assisted laser desorption/ionisation-time of flight-mass spectrometry (MALDI-TOF-MS) using an Axima CFR (Kratos, Manchester, UK). Spectra were analyzed by the (BioinformatIQÔ) integrated suite of bioinformatics tools from Proteome Systems (Sydney, Australia). Protein identifications were assigned by comparing peak lists to databases containing theoretical tryptic digests (SWISS-PROT and TrEMBL) using the Mascot software (Matrix Science, London, UK). Criteria for the assignment of identification were 100 p.p.m. or better peptide mass accuracy, a Mowse score of at least 72 or greater indicating p ¼ 0.05, M r and pI matching theoretical values and percentage coverage of peptides across theoretical protein sequence.
Western blot analysis
Equal amounts of mitochondrial protein (8 lg) was subjected to SDS-PAGE on a 4-20% Criterion gel (Bio-Rad) and either stained with colloidal blue (Invitrogen, Carlsbad, CA, USA) or transferred to polyvinylidene difluoride membrane for western blot analysis. Western blot analysis was performed using the ECF detection system as recommended by the manufacturer (Amersham) probing with rabbit polyclonal antibodies raised against the bovine F P (70 kDa), I P (30 kDa) and C II-3 (13 kDa) subunits of complex II (Gift of B. Ackrell). Specificity of these antibodies was previously established (Birch-Machin et al. 2000) (data not shown). Probing of all three antibodies was initially optimized singly to confirm specificity, and then simultaneously together to facilitate simultaneous comparisons. Antibody dilutions were; F P 1 : 3000, I P 1 : 3000, CII-3 1, 2000. Western blot imaging was carried out using a Typhoon 8600 and quantitated with ImageQuant Solutions software (Amersham).
Histology
Mice were deeply anesthetized with sodium pentobarbital, and perfused with phosphate-buffered saline. Brains were excised, and then treated with 20% glycerol and 2% dimethylsulfoxide, embedded in a gel matrix (Neuroscience Associates, Knoxville, TN, USA) and frozen in a dry ice isopentane bath to ) 70°C. They were then sectioned throughout at a resolution of 50 lm. Every sixth section was stained with amino cupric silver stain as previously described (de Olmos et al. 1994) . Silver staining is a well-established technique for the enumeration of dying neurons, has been in use for over 30 years, and is non-controversial (Fix et al. 1996; LaVaute et al. 2001) . All silver-stained neurons whose soma were contained within the section were counted in all sections from the most rostral section containing cortex until the first section containing the granular layer of the dentate gyrus. This included at least 17 sections per brain. There was no significant difference in the total number of sections containing the region of cortex of interest between various treatment groups, suggesting that treatment does not result in a change in cortical volume. The number of silver-stained cells identified was multiplied by six to estimate the total number of dying neurons per animal. We went to such lengths due to the possibility that stereological methods would be required in order to enumerate the number of dying cells. However, due to the small number of positive cells, it was not necessary to use intrasectional sampling.
Succinate dehydrogenase (SDH) histochemistry
Directly following killing, brains were harvested and frozen on dry ice and sectioned at 16 lm at ) 25°C. We evaluated succinate dehydrogenase (SDH) levels via histochemical methods, a standard technique in the evaluation of mitochondrial disease (Shoubridge 1994) . SDH staining was performed as previously described on frozen sections (Rifai et al. 1995) , and results in a blue stain that can be used quantitatively (Nakatani et al. 2000) or qualitatively (Shoubridge 1994) to evaluate SDH activity.
Results
Proteomic analysis of differentially expressed proteins in cortical mitochondria of SOD2 null mice To identify mitochondrial proteins whose concentration or conformations via post-translational modifications might be altered due to the lack of SOD2, we performed differential proteomic profiling on mitochondrial protein from the cortex of sod2-/-and wild-type mice treated with either high or low dose EUK-8. SOD2 null mice that are not treated with antioxidants do not survive long enough in sufficient numbers to be of practical use (Melov et al. 1998) . Mitochondria were subjected to two-dimensional (2D) electrophoresis (n ¼ 5 for each group). Mitochondrial protein was first separated on either pH 4-7 or 6-11 immobilized pH gradient (IPG) strips by isoelectric focusing and then separated based on mass by SDS-PAGE. Image analysis revealed approximately 1200 spots per animal (all gels). After spot detection, normalization, and image matching, matched spots between genotypes and treatment groups were used to determine differential expression via a non-parametric t-test. Proteins of interest were then excised from the gel and identified by MALDI-TOF-MS. No difference was seen between the expression profiles of mitochondria from either high or low dose treated sod2-/-mice. However, a number of notable differences were observed in mitochondria derived from sod2-/-mice (high or low dose treated), and wild-type mice. Regions of the gels containing statistically significantly differentially expressed proteins between low-dose-treated SOD2 null and wild-type mice are shown in Fig. 1 , and the identity, percent coverage, and fold-difference of each of the differentially expressed proteins is provided in Table 1 . Proteins involved in the tri-carboxylic acid (TCA) cycle, electron-transport chain (ETC) function and maintenance of a redox balance were identified as being differentially expressed in sod2-/-mice in addition to the lack of SOD2 itself in the SOD2 null mice, a valuable confirmation of the effectiveness of this approach. After using proteomic profiling as a first-pass screen to identify candidate proteins for follow-up characterization, we then tested the hypothesis that specific mitochondrial enzymes were differentially sensitive to mitochondrial oxidative stress, by measuring mitochondrial enzyme activities including enzymes whose subunits were identified in the initial proteomic analysis.
Mitochondrial enzyme activities in the cortex of sod2-/-mice Two of the proteins identified as being reduced in the sod2-/-mice via our proteomic analysis were the 2-oxoglutarate dehydrogenase (E1k) subunit of the TCA cycle enzyme complex KGDH, and two structural isoforms of the flavoprotein (F P ) subunit of the TCA cycle and ETC enzyme complex succinate dehydrogenase (SDH/complex II). Both SDH and KGDH were assayed enzymatically to complement and confirm the initial proteomic results. Our previous studies demonstrated a highly significant decrease in the catalytic activity of mitochondrial aconitase from cortex of sod2-/-mice, which is partially rescued with EUK-8 treatment (Melov et al. 2001) . In order to evaluate other mitochondrial enzymes for vulnerabilities to mitochondrial oxidative stress, we assessed enzyme activities of ETC complexes I, II, III, IV, the ATP synthase (V), and the TCA cycle enzymes citrate synthase (CS) and KGDH (Figs 2a-f). For most mitochondrial assays, there was no significant difference between the enzymatic activities of ETC enzymes or TCA cycle enzymes from wild-type control mice treated with either a high or low dose of EUK-8, so these data were combined. Table 2 shows the differential sensitivities of mitochondrial enzymes to endogenous oxidative stress, and the therapeutic benefit to specific mitochondrial enzymes of increasing the dose of antioxidant treatment. Complexes, I, II, III, and IV all appear to have differential sensitivities to endogenous mitochondrial oxidative stress, in addition to citrate synthase and KGDH. These enzymes also appear to be responsive to increased dosage of antioxidant treatment, given the complete rescue of wildtype activities via EUK-8 treatment at 30 mg/kg (high dose) (Table 2 ). However, complex II and KGDH did not benefit from increased dosage of antioxidant, and complex V did not have any detectable defects associated with lack of SOD2 in cortical mitochondria. These data demonstrate that Table 1. specific enzymes of cortical mitochondria are differentially sensitive to loss of SOD2 and by implication, mitochondrial oxidative stress. As we identified a decrease in the abundance of the F p subunit of complex II, we wished to determine if there was a corresponding decrease in other subunits of complex II. ) , as determined by a non-parametric t-test (PRISM), so the data were combined. For each condition n ¼ 6 or 7 animals, and assays were performed in duplicate.
There is a statistically significant rescue of the enzymatic activities of complexes I, II, III and IV with high dose EUK-8 treatment, at the indicated p-values.
Correlation of the abundance of complex II subunits with enzyme activity Complex II consists of four protein subunits; F P , an iron-sulfur subunit (I P ), and two small proteins that are responsible for anchoring I P and F P to the membrane (C II-3 and C II-4 ) (Davis and Hatefi 1971; Capaldi et al. 1977) . Proteomic analysis revealed a reduction in the abundance of the F P subunit of complex II in sod2-/-animals relative to wild type (Table 1) . Enzymological analysis of the corresponding samples revealed that the catalytic activity of complex II could be statistically significantly increased through high-dose treatment of sod2-/-mice compared with low dose-treated sod2-/-mice. Having established by global proteomic analysis that the F P subunit of complex II was decreased in the mutant mice, and enzymological analysis revealed that complex II was decreased in activity, we used western blot analysis to quantitate levels of specific complex II components (Fig. 3) . Equal concentrations of mitochondrial protein from the same preparations used in the proteomic and enzymology studies, were subjected to SDS-PAGE ( Fig. 3a) and probed with antibodies to F P , I P , and C II-3 (Fig. 3b ). There is a significant reduction in the abundance of the F P , I P , and C II-3 subunits in both high and low dosetreated sod2-/-mice compared with wild-type controls. There was no difference in the abundance of subunits in the wild-type mice treated with either a low dose or high dose of EUK-8. There was a statistically significant increase in the levels of the I P and C II-3 subunits between treatment groups of the sod2-/-mice (Fig. 3c ). This trend persists for the F P subunit although it was not statistically significant (Fig. 3c) . The changes in the relative abundances of the subunits, between genotypes and EUK-8 treatments, correlate with the changes in complex II activity (r 2 ‡ 0.92 for all subunits), suggesting that the loss of enzyme activity in the sod2-/-mice is due in major part to a reduction in the levels of these subunits. Having established a number of specific proteomic and mitochondrial enzymatic defects in SOD2 null mouse brain mitochondria, we now wished to determine if these defects ultimately resulted in neuronal cell death.
Limited neuronal cell death accompanies the mitochondrial defects and spongiform changes in the cortex of sod2-/-mice and is partially rescued by EUK-8 treatment Sod2-/-mice develop profound spongiform changes in the brain that can be rescued by treatment with a high dose of EUK-8 (Melov et al. 2001 ). Although the previously described neuropathology is striking and severe, it was unknown whether neuronal cell death accompanied the spongiform pathology and enzymological defects in the brains of the sod2-/-mice. Therefore, we used silverstaining Because there was no difference in the concentration of subunits in the high and low dose-treated wild-type mice, the data was combined. Local background corrections were employed for each protein. All subunits are significantly reduced in sod2-/-mice compared to wildtype mice. There is a significant reduction in the level of the I P and C II-3 subunits in the sod2-/-low dose treated mice compared to the sod2-/-high dose treated mice (*p < 0.05), as determined by a nonparametric t-test (PRISM).
(de Olmos 1994), a well established technique for detecting dying cells to enumerate the total number of dying neurons within the cortex of sod2-/-mice treated with either a high or low dose of EUK-8. The amino-cupric silver stain selectively impregnates degenerating neurons, and has been used to evaluate neuronal cell death in toxicological and genetic studies (Fix et al. 1996; LaVaute et al. 2001 ). Our data clearly shows neuronal cell death accompanying the spongiform changes seen in the low dose-treated mice and this loss of neurons is statistically significantly reduced by 70%, with high dose EUK-8 treatment (Fig. 4) . Wild-type control brains did not contain any detectable silver stained positive neurons. In sod2-/-mice, neuronal cell death was limited to the medial orbital, frontal association, primary motor and secondary motor regions of the cortex. The neuronal cell death observed in the high dose-treated SOD2 null mice corresponds with the persistence of the mild behavioral phenotype as well as aconitase (Melov et al. 2001) , SDH/complex II and KGDH defects. These data indicate that neuronal cell death is limited to distinct regions of the cortex at 3 weeks of age, is a feature of endogenous mitochondrial oxidative stress, and appropriate antioxidant treatment can attenuate the loss of neurons. Having demonstrated that neuronal cell death accompanies the enzymological defects, we wished to evaluate whether mitochondrial defects were ubiquitous in the cortex, or restricted to the regions of cell death.
SDH defects in the sod2-/-mice are ubiquitous within the cortex We performed in situ SDH histochemistry on frozen sections of brains from low and high dose-treated sod2-/-and wildtype mice (Fig. 5) . The brains from the sod2-/-mice showed a dramatic reduction in SDH staining compared to controls, consistent with the reduced enzymatic activities of SDH/ complex II described above. There was no difference between the intensity of staining in the brains of treated controls (high versus low dose). However, there was an increase in the SDH stain intensity between the low and high dose-treated sod-/-mice, consistent with our enzymology and western blot results described above. The reduction in SDH staining was not confined to the regions displaying cell death, but was evident throughout all cortical regions analyzed (Fig. 5) .
Discussion
There is substantial evidence that oxidative stress plays a role in the progression of a constellation of neurological disorders, although these data are largely correlative in nature. The neurological phenotype of mice lacking the mitochondrial free radical-scavenging enzyme SOD2, supports the Sections are at 50 · magnification of the secondary motor cortex. The intensity of this colorimetric stain is reflective of the level of SDH activity (Rifai et al. 1995) . No difference in the intensity of staining was evident between high and low dose-treated wild-type mice. However there is a marked increase in the level of staining in the high dose-treated sod2-/-mice compared to the low dose-treated mice consistent with the increased activities observed via mitochondrial enzymology, as well as proteomic profiling.
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hypothesis that neurodegeneration and mitochondrial enzymological defects can be a direct consequence of endogenous mitochondrial oxidative stress. The neurological phenotype in the sod2-/-mice is partially rescued through treatment with the catalytic antioxidants EUK-8, EUK-134 and EUK-189, implying that it is the endogenous production of ROS that ultimately results in neurodegeneration. Because of the multifunctional specificity of these compounds (Doctrow et al. 2002) , it is not known which reactive oxygen species, or reactive nitrogen species, are the most relevant targets of EUK-8 action in sod2-/-mice. For example, with nitric oxide synthase present in the mitochondria (Giulivi 2003) , the conversion of excess superoxide to peroxynitrite might be occurring, and causing mitochondrial damage. It is, of course, possible that the in vivo protective effects of EUK-8 involve mechanisms other than a direct antioxidant action. However, there is ample evidence that EUK-8 and related compounds inhibit protein, DNA and lipid oxidation in tissues from treated animals exhibiting a variety of oxidative injuries (Gonzalez et al. 1995; Rong et al. 1999; Jung et al. 2001; Liu et al. 2003) . Also, evidence indicates that these compounds suppress, rather than stimulate, stress-associated transcriptional factors when administered in vivo (Rong et al. 1999) . Finally, as discussed further below, in sod2-/-mice EUK-8 protects mitochondrial enzymes, in particular, cisaconitase, that are known to be direct targets for reactive oxygen species. Thus, it is our current hypothesis that EUK-8 protects sod2 -/-mice through a mitochondrial antioxidant based mechanism. Although prior studies have demonstrated defects in specific respiratory chain complexes and TCA cycle enzymes in response to exogenous chemical insults, it is not immediately obvious which mitochondrial enzymes would be particularly sensitive to endogenously produced superoxide in the absence of chemical inhibitors. In order to identify potential consequences of mitochondrial oxidative stress in an unbiased approach, we have analyzed the mitochondria of the sod2-/-mice using a proteomic differential display entailing differential 2D electrophoresis and MALDI-TOF-MS. We detected seven proteins that underwent changes in cortical mitochondria of sod2-/-mice, of which two had multiple isoforms (Table 1) . As a validation of this approach, we detected SOD2 as being differentially displayed in our proteomic screen, which we knew a priori was altered in abundance between the SOD2 null mice and controls. Other enzymes we detected which were differentially displayed include the TCA cycle enzymes KGDH and SDH as well as peroxiredoxin 5 (Prx5) and glutathione S transferase classmu 1 (GST class-mu 1), both of which are involved in maintaining redox balance. Additional enzymes which were altered in the sod2-/-mice are the cyanide-detoxifying enzyme 3-mercaptosulfurtransferase and the glycolytic enzyme triosephosphate isomerase (TPI), which is not known to exist within the mitochondria, however, this enzyme has been shown to copurify with mitochondria (Taylor et al. 2003) .
We further investigated the consequences of endogenous mitochondrial oxidative stress by enzymatic assays, which revealed that the electron transport chain complexes I, II (as well as SDH), III, and IV, in addition to the previously reported aconitase defect (Melov et al. 2001) , are sensitive to mitochondrial ROS (Fig. 2) in the cortex of sod2-/-mice. The catalytic activities of complexes I, III, and IV are restored to wild-type levels through treatment with a high dose of EUK-8, demonstrating the potential for therapeutic intervention where mitochondrial ROS are implicated in the pathophysiology of neurological disease. Complex V appears to be insensitive to endogenous oxidative stress in mitochondria isolated from the brain in SOD2 null mice. This implies that not all enzymes are sensitive to ROS in the mitochondria. Our data suggest that complex II is one of the most sensitive enzymes to the loss of SOD2 activity, as the activity was only 12% of wild-type levels. However, even this amount of decrease was responsive to optimal antioxidant treatment as we were able to increase the activity by 2.7-fold through high dose EUK-8 treatment (Table 2) , although this still was approximately only one-third the value of untreated wild types. Complex I defects have previously been detected in the hearts of sod2-/-mice along with complex II defects in the heart and skeletal muscle (Melov et al. 1999) . What might underlie the sensitivity of these mitochondrial enzymes to ROS produced during normal respiration? Complexes I, II, and III and aconitase all contain iron-sulfur clusters. The [4Fe-4S] cluster of aconitase has previously been shown to be sensitive to superoxidemediated inactivation (Gardner et al. 1995) , and the [3Fe-4S] cluster of SDH has also been shown to be sensitive to oxidation (Beinert et al. 1977) . Therefore, these enzymes may be particularly labile to mitochondrial-generated superoxide.
KGDH has been the focus of several studies (see (Gibson et al. 1999 ) for a review) in relation to oxidative damage and neurodegenerative disease. The detection of abundance differences of KGDH in our initial proteomic differential display in SOD2 null mitochondria compared to controls, provides further evidence for the sensitivity of this enzyme to mitochondrial oxidative stress. 2-Oxoglutarate dehydrogenase (E1k) is one of three protein subunits of KGDH and exhibits a 1.9-fold reduction in abundance in the sod2-/-mice (Fig. 1, Table 1 ). One of the other two subunits of KGDH, dihydrolipoamide dehydrogenase (E2k) was not altered in abundance (data not shown). To determine whether the reduced level of E1k was limiting for the activity of KGDH, the relative enzymatic activity of KGDH in both low and high dose-treated sod2-/-and wild-type mice was determined. The activity of KGDH was reduced by 65% in the sod2-/-mice with no difference between high or low dose treatments (Fig. 2, Table 2 ), confirming the mechanistic implications of our initial proteomic screen. It was interesting to note that of all the enzymes we evaluated, KGDH was not responsive to the increased dosage of EUK-8 treatment (Fig. 2, Table 2 ), perhaps indicating its extreme sensitivity to redox state within the mitochondria. KGDH is known to be sensitive to ROS (Humphries and Szweda 1998; Chinopoulos et al. 1999) . In humans, a deficiency in the E1k component results in metabolic acidosis, hypotonia, and hyperlactatemia leading to neurological deterioration and death by 30 months of age (Gibson et al. 1999) . KGDH deficiencies are also associated with both AD and PD (Gibson et al. 1999) . Our data provides additional support that this enzyme may be decreased in activity through mitochondrial oxidative stress in these severe human disorders.
Western blot analysis of complex II in cortical mitochondria revealed that changes in the levels of subunits correlate with changes in enzyme activity under the various experimental conditions used (Fig. 3 ). The I P subunit contains three iron-sulfur clusters that are involved in the transfer of electrons from succinate to ubiquinone (Ackrell et al. 1992) . Iron starvation studies have determined that only complexes with their full complement of clusters are assembled in the membrane (Ackrell et al. 1984) . Therefore, it is possible that in the sod2-/-mice the supply of iron-sulfur clusters is limiting or that those in free I P are particularly sensitive to oxidation such that assembly is restricted and free subunits degraded. If subunits escape damage by ROS then a functional complex may be formed that is resistant to further oxidation. The data reported here support this hypothesis, in as much as changes in enzyme activity are reflected in the relative protein concentration of individual complex II subunits. Our data do not allow us to rule out the formal possibility that the lack of sod2 leads to a coordinated repression of transcriptional or post-transcriptional synthesis of complex II subunits (Ackrell et al. 1984) . A decrease in the activity of complex II alone is sufficient to cause neurological disorders in humans (Ackrell 2002) . Deleterious mutations in the gene encoding the F P subunit (sdhA) can cause neurological defects that result in ataxia (Birch-Machin et al. 2000; Baysal et al. 2001) , and patients heterozygous for a mutation in the gene encoding the F P subunit have 50% complex II activity and display late-onset ataxia (Birch-Machin et al. 2000) . Dramatic reductions in the TCA cycle enzymes aconitase, SDH and KGDH could result in restricted production of reducing equivalents for the respiratory chain, which could drastically impair energy production. Our proteomic data indicate that the glycolytic enzyme TPI may be increased in the cytosol in the sod2-/-mice (Table 1 ). This suggests that glycolysis might be up-regulated to offset the potential loss of mitochondrially produced ATP.
Our proteomic screening showed that lack of SOD2 resulted in changes in two enzymes associated with maintaining a redox balance within the mitochondria. Three different isoforms of the GST class-mu1 were differentially expressed, with one being reduced and two forms increased in the sod2-/-mice. Prx5 is a thioredoxin peroxidase that reduces hydrogen peroxide and is able to inhibit intracellular hydrogen peroxide accumulation by TNFa (Yamashita et al. 1999; Seo et al. 2000) . Prx5 concentration is reduced 1.5-fold in the mitochondria of the sod2-/-mice. Without SOD2 in the mitochondria, the concentration of hydrogen peroxide may be significantly reduced, leading to a reduction in the level of Prx5 in the mitochondria through an unknown mechanism. Alternately, in the sod2-/-mice, Prx5 may be converted into other undetected isoforms containing nonreduced intramolecular disulfide linkages that are necessary for its peroxidase function, which would alter its mobility on the gel such that any individual form could be too low an abundance to detect. This general point may be true for other proteins we detected as well.
We report here that neuronal cell death in defined regions of the frontal cortex is a consequence of endogenous mitochondrial oxidative stress. Notably, we can partially rescue neuronal cell death by treatment with a high dose of EUK-8 (Fig. 4) . The amino-cupric silver stain detects neurons that are in the process of degeneration (de Olmos 1994), i.e. this method provides a 'snap shot' of neuronal cell death at the time of the animal's death. The proteomics and enzyme analyses were performed on mitochondria isolated from the complete cortex, which includes the regions in which neuronal cell death and spongiform changes had occurred, as well as unaffected regions. In order to determine if the complex II/SDH defects we measured in isolated mitochondria from cortex were unique to the regions in which neuronal cell death occurred, SDH staining was performed on brains from high and low dose-treated sod2 -/-and wild-type mice (Fig. 5 ). Our results demonstrate that decreased complex II activity is not unique to the regions of the brain in which cell death occurred and that the intensity of SDH staining throughout the brain reflects the changes seen in enzyme activity and subunit concentration under the different conditions. This suggests that there are idiosyncratic properties of affected cortex that make it particularly sensitive to the loss of mitochondrial function. Treatment with a high dose of EUK-8 completely rescues the spongiform pathology of the sod2 -/-mice in the cortex, trigeminal motor nucleus and all other affected areas, however, mild behavioral defects persist. The cause of this behavioral defect in the high dose-treated mice may be the incomplete prevention of neuronal cell death, possibly arising due to the persistent defects in the TCA cycle and electron transport chain.
We have shown that the SOD2 null mouse is a useful tool for uncovering the vulnerability of specific mitochondrial proteins to endogenous oxidative stress in the brain, and the potential utility of catalytic antioxidants, such as EUK-8 and related compounds in therapeutically alleviating the consequences of specific mitochondrial defects and neurodegeneration. By extension, such an approach may be of potential benefit to patients with neurodegenerative diseases in which oxidative stress is presumed to be involved.
